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Abstract
In a previous work, the immunolocation of the chickpea XTH1 (xyloglucan endotransglucosylase/hydrolase 1) protein
in the cell walls of epicotyls, radicles, and stems was studied, and a role for this protein in the elongation of vascular
cells was suggested. In the present work, the presence and the location of the XTH1 protein in embryonic axes
during the ﬁrst 48 h of seed imbibition, including radicle emergence, were studied. The presence of the XTH1 protein
in the cell wall of embryonic axes as early as 3 h after imbibition, before radicle emergence, supports its involvement
in germination, and the fact that the protein level increased until 24 h, when the radicle had already emerged, also
suggests its participation in the elongation of embryonic axes. The localization of XTH1 clearly indicates that the
protein is related to the development of vascular tissue in embryonic axes during the period studied, suggesting that
the role of this protein in embryonic axes is the same as that proposed for seedlings and plants.
Key words: Cell wall, Cicer arietinum, embryonic axes, germination, vascular tissues, xyloglucan endotransglucosylase/
hydrolase.
Introduction
XTH (xyloglucan endotransglucosylase/hydrolase) belongs
to a subgroup of the glycoside hydrolase family 16 (GH16).
XTHs exhibit one or both of two enzymatic activities—
xyloglucan:xyloglucosyl transferase (EC 2.4.1.207) and
xyloglucan-speciﬁc endo b-1,4- glucanase (EC 3.2.1.151)
activity—which are currently referred to as xyloglucan
endotransglucosylase (XET) and xyloglucan endohydrolase
(XEH) activity, respectively (Nishitani, 1997; Rose et al.,
2002; Fry, 2004).
The XTH gene products from GH16 have been classiﬁed
into three major phylogenetic subgroups (groups 1–3) on
the basis of sequence similarity, although these do not
appear to predict XTH enzymatic activity or tissue speciﬁc-
ity (Rose et al., 2002). New bioinformatic analyses have
indicated that group 3 can be subdivided into two pre-
dominant clades, designated group 3-A and group 3-B
(Baumann et al., 2007).
The genome sequencing of several model plants has
revealed that higher plants typically contain a large group
of XTH proteins. For example, in the genome of Arabidop-
sis thaliana (L.) ecotype Columbia, 33 open reading frames
encoding XTH proteins have been detected (Yokoyama and
Nishitani, 2001). The genomic database completed for rice
(Oryza sativa L. ‘Nipponbare’) contains 29 members of the
XTH gene family (Yokoyama et al., 2004), while the
genome of Populus trichocarpa contains 41 XTH genes
(Geisler-Lee et al., 2006). The important role of XTH in
secondary wall construction processes (Bourquin et al.,
2002; Matsui et al., 2005), which are more sophisticated in
woody plants, could explain the higher number of XTH
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The relationship between enzyme activity and cell elonga-
tion has been extensively investigated. XTHs participate in
the loosening and rejoining of primary cell wall xyloglucans,
leading to cell wall expansion (Fry, 1995; Xu et al., 1996;
Nishitani, 1997; Thompson et al., 1998), and in the in-
tegration of newly secreted xylogluan chains in the cell wall
(Fry et al., 1992; Nishitani and Tominaga, 1992; Thompson
et al., 1998; Thompson and Fry, 2001; Rose et al., 2002).
XET activity has often been correlated with the growth
rate (Fry et al., 1992; Potter and Fry, 1994; Palmer and
Davies, 1996; Catala et al., 1997), although it has also been
detected in vegetative tissues that have ceased to elongate
(Smith et al., 1996; Barrachina and Lorences, 1998); in
ripening fruit (Redgwell and Fry, 1993; Maclachlan and
Brady, 1994; Ishimaru and Kobayashi, 2002; Miedes and
Lorences, 2009) and, as mentioned above, during secondary
cell wall formation (Bourquin et al., 2002; Matsui et al.,
2005). Currently, the role of XTHs as wall-modifying
enzymes seems to be clear, but the existence of many
different isoenzymes in the XTH family of proteins hinders
the determination of the role of any given individual
XTH protein in xyloglucan dynamics, which is involved not
only in the loosening but also in the construction, stiffening,
and disassembly of the cell wall. To elucidate the roles of
individual XTHs, it is necessary to focus on the function of
each protein and gene in speciﬁc cell types or tissues.
Like other cell wall-loosening enzymes related to cell elon-
gation, such as a-expansins, XTHs have also been studied in
relation to the elongation of embryonic axes during seed
germination. However, the role of these enzymes in germina-
tion is still unclear, and most studies only refer to gene
expression at different times after seed imbibition. Thus, in
Arabidopsis several cell wall hydrolases, including a xyloglu-
can endotransglycosylase, were up-regulated by gibberellic
acid (GA) in seeds following imbibition (Ogawa et al..2 0 0 3 ).
In tomato, the XTH gene LeXET4 (renamed SlXTH4)h a s
been related to the control of germination, since it is
speciﬁcally expressed in the endosperm cap of germinating
tomato seeds prior to radicle emergence (Chen et al.,2 0 0 2 ).
In germinating chickpea seeds, transcripts of CaXTH1,e n -
coding a putative XTH (XTH1), were detected from the ﬁrst
hour after imbibition (Herna ´ndez-Nistal et al.,2 0 0 6 ), sug-
gesting that its reported role in epicotyl elongation (Romo
et al.,2 0 0 5 ; Jimenez et al., 2006) could be extended to
embryonic axes.
Study of the XTH mRNA accumulation patterns and of
the tissue speciﬁcity of these enzymes is suggestive of the
physiological process in which any given XTH enzyme is
involved. Moreover the location of the protein could
facilitate current insight into the precise function of these
proteins.
Regarding the above-mentioned XTH1 from Cicer arieti-
num, the location of the chickpea XTH1 protein in the cell
walls of epicotyls, radicles, and stems has previously been
reported, indicating a function for this protein in the exten-
sion of the parenchyma cells of epicotyls and also in
developing vascular tissue, in turn suggesting a role in the
elongation of vascular cells (Jime ´nez et al., 2006). The aim
of the present work was to elucidate the location of the
XTH1 protein in embryonic axes during the ﬁrst 48 h of
seed imbibition, including radicle emergence, in order to
determine whether the role of this protein in embryonic axes
is the same as that proposed for seedlings and plants.
Materials and methods
Plant material and germination conditions
Chickpea seeds (C. arietinum ‘Pedrosillano’) sterilized in 0.1% (v/v)
sodium hypochlorite were germinated in water on glass plates
covered with ﬁlter paper in the dark at 25  C and 80% relative
humidity. Embryonic axes of chickpea seeds imbibed for up to
48 h were used. The embryonic axes were collected at 1, 3, 12, 36,
and 48 h after the start of imbibition, frozen in liquid N2, and
stored at –70  C until used.
Cell wall protein extraction and western blotting
Cell walls were isolated from embryonic axes at different times
after the start of imbibition, as described in Herna ´ndez-Nistal
et al. (2006). Proteins were extracted from freshly isolated cell
walls with 1 M NaCl in Na-citrate/phosphate (10 mM, pH 5.5) at
4  C for 48 h. The wall suspension was ﬁltered through Miracloth
(Calbiochem, USA), and the protein extract was dialysed against
Na-acetate (20 mM, pH 5.0). The dialysed protein was centrifuged
for 25 min at 6500 g and concentrated using an Amicon PM3
ultraﬁltration cell (Amicon Corporation, USA). The protein was
evaluated by Protein Assay (Bio-Rad, Baltimore, MD, USA).
For western blotting, proteins were separated by SDS–PAGE
(Laemmli, 1970) and electrotransferred onto polyvinyldiﬂuoridene
(PVDF) membranes (Amersham Biosciences, USA). Immunoblots
were prepared essentially according to the procedure of Harlow
and Lane (1988), using anti-XTH1 IgGs at 1:10 000 dilution and a
horseradish peroxidase-conjugated secondary antibody (goat anti-
rabbit, BioRad, Germany) at 1:100 000. The blots were developed
by chemiluminescence, using the ECL Advanced Western Blotting
Detection Kit (Amersham Biosciences, USA).
The anti-XTH1 antibodies were previously generated (Jime ´nez
et al., 2006) against puriﬁed recombinant XTH1 protein. The
speciﬁcity of anti-XTH1 IgGs for XTH proteins has been veriﬁed
previously by western blot and MALDI-TOF (matrix-assisted
laser desorption ionization-time of ﬂight) analyses (Jime ´nez et al.,
2006).
Immunocytochemical labelling
Whole embryonic axes from 1 h to 36 h after imbibition, and
hooks, epicotyls, and the apical and basal halves of roots from 48-
h-old embryonic axes were ﬁxed and dehydrated prior to being
embedded in parafﬁn (Paraplast Plus, Sigma). The embedded
tissues were sliced into 12 lm sections using a microtome (Leica
Instruments GmbH, Germany) and afﬁxed to slides pre-coated
with high molecular weight poly-L-lysine. Samples were deparafﬁ-
nized with xylene and rehydrated through a graded ethanol series.
The sections were then incubated for 5 min in 10 mM citrate
buffer, pH 6.0, at 100  C to inactivate endogenous alkaline phos-
phatase activity, since an alkaline phosphatase-conjugated second-
ary antibody was used to develop the reaction. The samples were
then washed twice in TRIS-buffered saline (TBS: 0.1 M TRIS,
0.1 M NaCl, pH 7.4). Free binding sites were blocked for 45 min
with 5% bovine serum albumin (BSA) and 3% normal swine serum
in TBS. Anti-XTH1 IgGs (1:100 dilution in TBS with 3% BSA)
were applied to sections for 2 h at room temperature. Excess
antibody was removed with extensive washing in 0.5% Tween-20,
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(goat anti-rabbit IgG conjugated with alkaline phosphatase, at
1:300 dilution in TBS with 3% BSA) was applied and the prepar-
ations were then extensively washed as above. The colour reaction
used to visualize the antigen–antibody complexes was performed in
TBS supplemented with 50 mM MgCl2, pH 9.5, containing
5-bromo-4-chloro-3-indolyl-phosphate and 4-nitroblue tetrazolium
chloride. Sections were dehydrated in a graded ethanol series,
dipped in xylene, and mounted in Entellan (Merck, Darmstadt,
Germany). Photographs were taken using a microscope (DMLS2,
Leica, Germany) equipped with a Canon Power Shot S50 camera.
Accession number
The nucleotide sequence CaXTH1, reported in this paper has been
submitted to the EMBL/GenBank database under accession
number AJ004917.
Results
Immunodetection of the XTH1 protein in cell wall protein
extracts from embryonic axes
The distribution of the XTH1 protein was studied in
embryonic axes from 1 h to 48 h after seed imbibition. In
C. arietinum seeds, the completion of germination (i.e.
radicle emergence) begins at 12 h and is almost completed
24 h after the start of water uptake, when the percentage of
seed germination is close to 100% (Herna ´ndez Nistal et al.,
2006). Between 18 h and 24 h radicles grow exponentially
and epicotyl development begins at 36 h. The length of the
embryonic axes during the time studied is shown in Table 1.
To check whether XTH1 was also located in the cell walls
of embryonic axis cells, as happens in epicotyls and stems
(Jime ´nez et al.,2 0 0 6 ), western blot analyses were carried out
with the speciﬁc anti-XTH1 antibodies and cell wall protein
extracts obtained from embryonic axes imbibed for 3, 12, 24,
36, and 48 h. When the total cell wall protein extract from
embryonic axes was separated by SDS–PAGE (Fig. 1A), the
anti-XTH1 IgGs recognized a 32 kDa polypeptide, con-
sistent with the molecular weight of mature XTH1, and no
other protein band was detected (Fig. 1B). The chickpea
XTH1 protein was detected in embryonic axes excised from
seeds from 3 h to 48 h after seed imbibition. The intensity
of the immunoreaction increased with the time of imbibi-
tion, the highest value being reached at 24 h after the start
of water uptake (Fig. 1B), in agreement with the trend of
CaXTH1 transcripts (Herna ´ndez-Nistal et al., 2006). The
protein level was similar at 36 h and increased again at
48 h, coinciding with epicotyl emergence. The puriﬁed IgGs
from the pre-immune serum did not recognize any cell wall
protein (data not shown).
Immunolocation of the XTH1-cross-reacting protein
In order to determine the tissue and cellular location of the
XTH1 protein in embryonic axes excised from seeds
imbibed for 3–48 h, immunocytochemical studies were
conducted using the anti-XTH1 antibodies, as described in
the Materials and methods. The immunocytochemical
assays were conducted on longitudinal sections of 3-, 12-,
24-, and 36-h-old embryonic axes (Figs 2–4), and in
different parts of 48-h-old axes (Fig. 5).
Early on in germination, after 3 h of imbibition, the
immunodetection of XTH1 protein was very low and only
a slight bluish colour was observed in the initial vascular
tissue (Fig. 2a). The labelling of XTH1 protein had increased
by 12 h and, although the labelling appears rather homoge-
neous in all tissue, it was more intense in differentiating
vascular tissue (Fig. 2b). By 24 h (Fig. 2c), the protein was
mainly located in the vascular tissue throughout the embry-
onic axes, whereas the labelling in parenchyma cells de-
creased as time progressed, except in the meristematic zone
of the radicle, where a very intense blue colour was observed.
By 36 h, the location of the protein was restricted to the
vascular system and meristematic regions (Fig. 2d).
The speciﬁc labelling of the XTH1 protein in different
meristematic areas of 24-h-old chickpea axes appeared not
only in the division zone of the radicle above the calyptra
(Fig. 3a), where labelling in cells undergoing division can be
clearly seen, but also in the meristematic zones of de-
veloping primary leaves and in the shoot apical meristem
(Fig. 3b), indicating a consistent role for the protein in all
meristematic tissues.
The marked presence of the XTH1 protein in vascular
cells can be seen in detail in Fig. 4. By 36 h after imbibition,
the protein was mainly located in differentiating vascular
tissue (Fig. 4a) and in the initial vascular bundle of the leaf
primordium when it started to develop (Fig. 4b).
Owing to the large size of the 48-h-old axes, immunocy-
tochemical studies were performed separately in hooks,
epicotyls, and roots. In the meristematic hook, whose
longitudinal apical section was used, the XTH1 protein was
located in the cell walls of meristematic cells, clearly in leaf
primordia (Fig. 5a–c). The labelling of developing epicotyls
from 48-h-old seedlings revealed the presence of the XTH1
protein in the cell wall of cortex and pith cells, although the
most intense labelling appeared in the bundles of vascular
tissues (Fig. 5d, e).
Since the aim of the present study was to establish
a putative relationship between the location of the protein
and growth, in the immunolocalization studies root sections
with different growth activity were used. After removing the
Table 1. Length of embryonic axes during the germination of Cicer arietinum seeds from 1 h to 48 h after the start of water uptake
Seeds were germinated in water in darkness at 25  C and 80% relative humidity. Each data point represents the average of three replicates
6SD.
1 h 3 h 6 h 12 h 18 h 24 h 36 h 48 h
Length (mm) 3.6760.59 4.3360.49 4.6760.49 4.9760.3 6.1760.45 9.2761.28 18.1161.56 32.0064.83
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occurring, 2 mm sections were separated (as indicated in
Fig. 5f) from the apical region, with a rapid and extensive
cell elongation, and from the basal region (the root region
closest to insertion of the cotyledon), which does not show
any elongation activity. The XTH1 protein was clearly
bound to the cell walls of the cortex and pith cells in the
apical and basal sections, detection being stronger in the
apical sections. In these, the XTH1 protein was mainly
located in the cell walls of the endodermis layer, pericycle,
and differentiating vascular elements (i.e. the primary xylem
and primary phloem) (Fig. 5g), whereas in the basal section
the signal was restricted to the pith and cortex cells closest
to the vascular system (Fig. 5h).
Discussion
Germination begins with water uptake by seeds and ends
with the initial elongation of embryonic axes (Bewley,
1997). The completion of germination is visible as from the
emergence of the radicle. While a weakening of embryo-
enclosing tissues is a prerequisite for germination in many
seeds, embryo growth is essential for the germination of all
of them. Both processes—the weakening of the embryo
covers and embryo growth—may be associated with cell
wall-loosening activities.
XTH is one of the cell wall enzymes with cell wall-
loosening activities, although the precise role of XTHs in
cell elongation is still subject to debate, as is their putative
involvement in the elongation of embryonic axes during
germination. Since XTHs represent a large gene family, it is
to be expected that the different gene products would be
active in different aspects of cell wall metabolism, from seed
germination through ﬂowering, and in all plant organs, as
suggested by Becnel et al. (2006). Regarding germination
and the growth of embryonic axes, in situ analyses revealed
that one of the Arabidopsis XTH genes (AtXTH5) was only
expressed in the embryonic axis, suggesting that the enzyme
Fig. 2. Immunolocation of the XTH1 protein in embryonic axes excised from seeds imbibed in darkness for the indicated times.
Longitudinal sections were taken from (a) 3-h-, (b) 12-h-, (c) 24-h-, and (d) 36-h-old embryonic axes treated with anti-XTH1 IgGs. c.i.,
cotyledon insertion region; dvt, differentiating vascular tissue; r, radicle; rc, root cap; sa, shoot apex. Bars¼100 lm.
Fig. 3. Immunolocation of the XTH1 protein in meristematic areas of 24-h-old chickpea embryonic axes. (a) Apical zone of the radicle
showing the division zone of the radicle. (b) Shoot apical meristem and developing primary leaf. lp, leaf primordium; ram, radicle apical
meristem; rc, root cap; sam, shoot apical meristem. Bars (a) 200 lm; (b) 100 lm.
Fig. 1. Immunodetection by western blot of XTH1 in cell wall
protein extracts from embryonic axes excised from seeds imbibed
in darkness for the indicated times. Cell wall proteins from 3- to
48-h-old embryonic axes were separated by SDS–PAGE and
(a) silver stained or (b) incubated with anti-XTH1 IgGs.
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with embryo growth (Ogawa et al.,2 0 0 3 ). In tomato, where
25 XTHs have been identiﬁed, only LeXET4 (renamed
SlXTH4) has been related to the control of seed germina-
tion prior to radicle emergence (Chen et al., 2002) although,
according to the searches for tomato XTH made in
databases, several of them are represented in libraries from
germinating seeds (Saladie ´ et al., 2006).
In germinating chickpea seeds, the transcript accumula-
tion of CaXTH1 in embryonic axes has previously been
reported as early as 1 h after seed imbibition, i.e. even
earlier than when a-expansin transcripts are detected and
before radicle elongation takes place (Herna ´ndez-Nistal
et al., 2006). The XTH encoded by CaXTH1 has been
implicated in the chickpea plant elongating process based
on several observations regarding its pattern of expression,
such as the high level of CaXTH1 transcripts in elongating
organs, its up-regulation by growth-promoting hormones,
or its down-regulation by growth inhibition treatment
(Romo et al., 2005).
Although gene expression studies are useful for checking
the involvement of a protein in a speciﬁc process, the actual
location of this protein, encoded by a given gene, could
provide more accurate information about its role in the
process. Thus, to gain insight into the role of XTHs in the
chickpea germination process, the localization of the XTH1
protein in embryonic axes of C. arietinum during germina-
tion and post-germination was studied by using polyclonal
antibodies raised against the Escherichia coli-expressed
recombinant protein encoded by CaXTH1. The speciﬁcity
of antibodies to XTH proteins has been checked previously
with MALDI-TOF analysis (Jime ´nez et al., 2006).
The presence of the XTH1 protein in the cell wall of
embryonic axes as early as 3 h after imbibition, before
radicle emergence, supports its involvement in germination
sensu stricto. The fact that the protein level increased until
24 h, when the radicle had already emerged, also suggests
its participation in the elongation of embryonic axes (Fig. 1).
The localization of XTH1 clearly indicates that the
protein is related to the development of vascular tissue
throughout the period studied and, although at 12 h after
imbibition its location was general in the embryonic axes,
as time progressed it became more speciﬁcally associated
with proliferating cells and differentiating vascular tissue
(Figs 2–4).
The consistent presence of the protein in meristematic
tissue, cells undergoing division in the division zone of the
radicle (Fig. 3a), in the shoot apical meristem (Fig. 3b), and
in meristematic zones of developing primary leaves (Fig. 5b,c )
indicates that XTH tended to be located in rapidly dividing
and expanding tissues, suggesting that it functions in the
development and morphogenesis of tissues close to the
meristem. In other species, speciﬁc XTHs have also been
related to meristematic tissue differentiation and vascular
development in roots, pointing to its involvement in seed-
ling growth. Thus in Arabidopsis, AtXTH19, which is
up-regulated by auxin, is expressed in the apical dividing
and elongating primary root regions as well as in the
differentiation zone (Yokoyama and Nishitani, 2001) and
XTH9 is expressed in the shoot apices, where cell division is
most active (Hyodo et al.,2 0 0 3 ). More recently, Wang et al.
(2010) reported an XTH gene highly expressed in the
bamboo meristem.
The location of the XTH1 protein in vascular tissue was
clear in embryonic axes at 24 h and 36 h after the start of
imbibition. In particular, vascular tissues are labelled at
36 h after imbibition, whereas the label in parenchyma
tissues decreases (Figs 2d, 4a). This could be linked to the
ongoing elongation growth of the individual cells in the
vascular tissues, compared with the parenchyma tissues at
the same stage of development. Thus, at 36 h the paren-
chyma cells are 58 lm long whereas xylem cells reach
81 lm, as can be seen in Fig. 4a. XTH1 protein was also
found in xylem and phloem cells in 48-h-old roots, but only
in the younger areas during the early stages of differentia-
tion (Fig. 5g, h). In support of the involvement of this
protein in vascular differentiation, it is worth noting that in
the basal region of the 48-h-old roots characterized by its
loss of primary growth, no XTH1 was detected either in
xylem or in phloem mature elements (Fig. 5h). Thus, the
protein did not appear in the xylem or phloem cells in the
Fig. 4. Immunolocation of the XTH1 protein in vascular tissue of
36-h-old chickpea embryonic axes. (a) Longitudinal section of
embryonic axes showing differentiating vascular tissue. (b) Initial
vascular bundle when the leaf primordium begins its development.
p, parenchyma; vb, vascular bundle; vt, vascular tissue; xe, xylem
elements. Bars¼100 lm.
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ended, but it is still present in those cells that maintain
differentiation capacity, such as the pith cells (Fig. 5h). A
similar involvement of XTHs in early phloem differentia-
tion in poplar stems was reported by Bourquin et al. (2002)
upon evaluating XET activity. In Arabidopsis, an essential
role for AtXTH27 in the elongation of tracheary elements
during vascular development has also been indicated
(Matsui et al., 2005; Liu et al., 2007).
Xyloglucans in the primary cell walls are thought to be
degraded during the elongation process of the immature
tracheary elements. The chickpea XTH1 protein could
Fig. 5. Immunolocation of XTH1 protein in embryonic axes after 48 h of imbibition. Immunocytochemical studies were performed
separately in hooks (a, b, c), epicotyls (d, e), and radicles (g, h) treated with anti-XTH-1 IgGs. Longitudinal section of the meristematic
shoot (a) and magniﬁcation of leaf primordia (b, c). Cross-section of the epicotyl (d) and its magniﬁcation (e). Cross-section from the
apical region (g) and from the basal region (h) of the root. The black and white photograph (f) shows a 48-h-old chickpea seedling where
the zones used for immunocytochemical studies are indicated: H, hook; E, epicotyl, BR, basal region of the root; AR, apical region of the
root; co, cortex; en, endodermis; ep, epidermis; pe, pericycle; pi, pith; pf, phloem ﬁbres pl, primary leaves; pp, primary phloem; px,
primary xylem. Bars (a, d) 500 lm; (b) 100 lm; (c, g, h) 250 lm; (e) 300 lm.
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wall of such tracheary elements. Alternatively, it is possible
that the XTH1 protein could mediate the fragmentation of
xyloglucans by converting the large split fragment of the
donor xyloglucan into small xyloglucan fragments, as
suggested by Matsui et al. (2005) for AtXTH27.
XTH1 was also present in the vascular bundles of
primary leaves, as can be seen in Fig. 4b, showing a trans-
verse section of a developing leaf after 36 h of seed
imbibition. This indicates that chickpea XTH1 could have
a similar function in different organs and could be re-
sponsible for the vascular differentiation observed not only
in radicles but also in leaves. Consistent with this, the same
function for this protein in seedling epicotyls and radicles as
well as in stem internodes has been proposed previously.
XTH1 was located in immature, growing vascular elements
of young epicotyls, roots, and young stem internodes
(Jimenez et al., 2006), suggesting that XTH1 could play an
essential role in the process of xyloglucan degradation in
growing xylem and phloem cells. Thus, the role of XTH1 in
the differentiation of vascular tissue is similar in embryonic
axes, seedlings, and plants in C. arietinum.
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